Abstract ! Pediatric imaging has been identified as a key application of combined whole-body PET/MRI. First studies have revealed the clinical feasibility and possible advantages of PET/MRI over PET/CT and MRI. Besides a significant reduction in radiation exposure of about 50 -75 %, combined wholebody PET/MRI offers the diagnostic advantage of the multiparametric characterization of pathophysiologic processes and helps reduce the number of necessary imaging studies. However, very few studies focusing on pediatric PET/MRI have been published to date. Additional studies are necessary in order to fully appreciate the clinical impact of this novel method. This review article shall summarize the existing literature concerning pediatric PET/MRI and give insight into the practical experience derived from over 160 pediatric PET/MRI examinations that were performed in Tübingen.
Key Points:
trast of MRI compared to CT, the possibility of multiparametric tissue characterization using PET/MRI, and the possible reduction of radiation exposure using PET/MRI compared to PET/CT. While there is a lively debate about the clinical benefits and cost-effectiveness of many of these applications, pediatric imaging is broadly recognized as one of the key drivers for combined PET/MRI [5]. First clinical studies revealed possible advantages of PET/MRI over PET/ CT, beyond the significant reduction in radiation exposure, specifically in pediatric oncologic patients [6 -8] . This review article shall summarize the existing literature concerning pediatric PET/MRI and give insight into the practical experience derived from over 160 pediatric PET/MRI examinations that were performed in Tübingen.
PET/MR technology !
Two different technical approaches to combined PET/MR have been proposed, namely, sequential [9] and simultaneous [1, 10] PET/MRI. In sequential PET/MRI, PET and MRI scanners are spatially separated, whereas simultaneous imaging demands an integrated scanner. The sequential approach is technologically less complex, as interference of MR magnetic fields and PET technology are minimized by the spatial distance of the scanners. Especially in pediatric imaging, however, where patient compliance may be limited, the simultaneous approach offers significant advantages with regard to work flow and acquisition time and, importantly, in the spatial and temporal correlation of PET and MRI. Commercially available simultaneous systems are based on 3-Tesla MR systems and have a bore size of about 60 cm and axial PET coverage of about 25 cm, which provides sufficient space for pediatric patients and allows for whole-body PET examinations using five to seven bed positions in most patients [1, 10] .
Work flow in pediatric PET/MRI

!
Patient preparation
Thorough patient preparation is a prerequisite for a successful PET/MR examination, especially in pediatric imaging where patient compliance may be limited. The indication for a PET/MRI examination should be established for each individual patient using an interdisciplinary approach involving the pediatric radiologist, nuclear medicine physician, and referring pediatrician. This includes the choice of the appropriate PET tracer and the assessment of the need for patient sedation. Informed consent must be acquired by the legal guardians before the examination. Specifics of patient preparation (e. g., fasting before FDG application or before sedation) must be communicated. For FDG examinations, it is of importance to avoid activation of brown adipose tissue that has a high prevalence among pediatric patients and can impair diagnostic validity of PET. For this purpose, patients should be kept warm before and after tracer injection, and propanolol can be administered after consideration of contraindications [11, 12] . Similarly, furosemide may be administered in order to minimize tracer accumulation within the urinary bladder when examining the anatomic area of the pelvis. Additional catheterization of the urinary bladder can also be considered in these cases. [12] 
Examination protocol
The complexity and variability of PET/MR examination protocols is higher compared to MRI or PET/CT, as specific patient preparation for PET and complex MR protocols are combined. Numerous workflows have already been proposed for simultaneous PET/MRI [13, 14] . Despite the high number of possible acquisition strategies, in practice most pediatric whole-body protocols show certain similarities.
• " Fig. 1A shows a standard FDG-PET/MRI acquisition protocol implemented in our institution for pediatric oncologic wholebody imaging. After tracer injection, the patient rests outside the scanner for most of the uptake time (in case of FDG, for 45 of the 60 minutes of uptake time). This allows for voiding of the urinary bladder before the examination, reducing local radiation dose, and minimizing high activity PET artifacts in the pelvic region. Subsequently, the patient is positioned within the scanner. Alternatively, tracer injection can be performed directly prior to the examination and PET uptake time can be used for MR-only imaging. However, this approach not only increases local radiation dose of the urinary bladder but also increases the potential risk of premature termination of the examination by the patient before PET data are acquired. The examination usually starts with a basic module consisting of a whole-body PET acquisition accompanied by simultaneous wholebody MR imaging, mostly using coronal fat-saturated T2-weighted or inversion recovery sequences [7, 13, 14] , in a bed-per-bed manner. Depending on the simultaneous MR protocol, PET acquisition time is usually between 4 and 6 minutes per bed position. In addition, a dedicated MR sequence has to be acquired for each bed position for MR-based attenuation correction. On most scanners, a double-echo chemical shift gradient-echo sequence is used for this purpose (Dixon technique) [15] . After this basic module, additional MRI sequences are usually measured depending on the clinical question, available previous imaging, and patient compliance ( • " Fig. 2) . • " Table 1 shows typical parameters of whole-body MR sequences used in our institution [16] . A whole-body PET/MRI examination takes at least 20 -30 minutes if only the basic module (PET and simultaneous MRI) is acquired. However, a typical oncologic whole-body PET/MR examination, including additional MR-only measurements, takes about 60 to 90 minutes including functional MRI (diffusion-weighted imaging, contrast-enhanced imaging) and highly-resolved local tumor imaging.
Image interpretation and pitfalls
Reading and interpreting PET/MRI data is a complex task, as numerous different sequences have to be analyzed together with PET data. This requires a high level of expertise in pediatric MRI and pediatric nuclear medicine. Compared with adult patients, children display different physiologic and anatomic characteristics that lead to specific findings in PET and MRI (e. g., thymus tissue, brown adipose tissue, etc.) [16, 17] that have to be considered in order to avoid false interpretations. In our institution, examinations are interpreted in consensus by multidisciplinary teams consisting of a radiologist and a nuclear medicine physician. Results are routinely presented and discussed at the institutional interdisciplinary pediatric tumor board. A major issue when reading PET/MRI data is the choice of appropriate software tools that can handle data amounts and complexity. Unfortunately, it is still felt among PET/MR users that the availability of tailored software solutions for PET/MRI is rather limited [5] . When reading PET/MRI data, certain technical drawbacks related to MR-based attenuation correction have to be considered in order to avoid misinterpretation. In PET/MRI, PET attenuation coeffi- cients are not measured but usually derived based on tissue segmentation using T1-weighted sequences [15] . In general, resulting PET quantification is accurate for adult and pediatric patients. However, significant quantitative errors are observed in and around skeletal structures (e. g., bone metastases and bone marrow) as bone attenuation is routinely neglected [7, 15, 18] . Furthermore, typical segmentation artifacts can occur in MR-based attenuation correction that are mostly observed around metal implants causing MR susceptibility artifacts. Typical artifacts are summarized in • " Fig. 3 . Although these artifacts do not have a significant impact on PET-based diagnoses in the majority of cases [19] , it is highly recommended to assess the quality of the MRbased attenuation map as a first step in reading PET/MRI data.
Indications for PET/MRI in pediatric oncology
!
In general, combined PET/MRI is clinically indicated in all pediatric patients with indication for a PET scan [20] . Available data show that PET measurements acquired on PET/MRI systems have equivalent qualitative and quantitative characteristics compared to PET measurements of PET/CT in adult and pediatric patients [7, 8, 18, 21] . According to national [22, 23] and international [12] guidelines for PET in children with cancer, 18F-FDG-PET is indicated for diagnosis, staging, and restaging in a number of tumor entities, which are mainly lymphoma, sarcoma, neuroblastoma, and CNS tumors.
The role of 18F-FDG-PET in imaging of pediatric lymphoma is well-established for initial staging, risk stratification, and therapy monitoring [12, 24] . Especially in Hodgkin lymphoma, PET imaging plays a decisive role for therapy response monitoring and has a direct impact on diagnostic decisions concerning the indication for radiation therapy [25] . In patients with sarcoma, 18F-FDG-PET can add additional information with regard to risk stratification and detection of tumor recurrence [12, 24] . In patients with neuroblastoma, the role of FDG-PET is limited to tumor characterization and risk stratification complementing diagnostic information from MIBG-scintigraphy [12, 24] and to patients with MIBG-negative tumor load. However, new developments in radiopharmacy may enable comprehensive characterization of neuroblastoma with PET only by using fluoride-labeled 18F-MFBG [26] or specific antibody tracers [27] . For most applications in pediatric oncology, 18F-FDG is the standard tracer. For specific indications, however, alternative tracers are used, e. g., 68Ga-DOTATATE for somatostatin receptor imaging in neuroendocrine [28] tumors or amino acid tracers for CNS tumors [29] .
Advantages and limitations of PET/MRI compared to PET/CT and whole-body MRI !
The combination of PET and MRI in a single examination offers certain advantages over the established modalities of PET/CT or MRI beyond the acquisition of separate PET and MRI data. Whole-body MRI is the method of choice for imaging of numerous oncologic disorders in children, especially for primary diagnosis and staging [30 -32] . For this purpose, MRI provides high sensitivity for lesion detection and excellent soft-tissue contrast for local staging (up to 94 %) [16, 33] . However, specificity may be limited in MRI (down to 30 %) especially in the follow-up situation (e. g., in the assessment of residual disease in Hodgkin lymphoma) [33] . In this situation, the addition of PET can significantly increase diagnostic sensitivity (up to 97 %) and specificity (up to 82 %) by combination of high anatomic resolution and high sensitivity of MRI and complementary metabolic information of PET [33] . It is thus self-evident that combined PET/MRI is indicated in patients with indications for whole-body MRI and PET. Compared to CT, MRI is diagnostically superior in characterization of soft-tissue lesions and bone marrow processes as well as in local tumor imaging [34 -36] . Thus, PET/MRI can replace PET/ CT in all applications where MRI is the modality of choice for morphological imaging [7] . First prospective clinical studies with pediatric cancer patients have revealed at least equivalent diagnostic accuracy of combined PET/MRI in direct comparison with PET/CT, with possible advantages for PET/MRI in the detection and characterization of soft-tissue lesions [7, 8] . However, further studies in larger populations are necessary in order to fully appreciate the diagnostic accuracy and clinical impact of PET/MRI in pediatric oncology.
Replacing two previously separate examinations (e. g., MRI and PET/CT and MRI and PET for local and whole-body staging) with a combined examination has additional advantages for pediatric patients beyond the diagnostic information of two different modalities. For example, a combined examination significantly decreases examination time and reduces the number of imaging studies. This is of importance due to possibly limited compliance of pediatric patients. More importantly, however, by reducing the number of imaging studies, the number of sedations and thus anesthesia-related risks [37] can be markedly reduced in young children.
A further advantage of simultaneous combined PET/MRI is the high spatial and temporal correlation of imaging data. Anatomic allocation of PET and MRI can thus be increased [38] . Furthermore, PET image quality can be improved by MR-based PET motion correction [39] . The most-discussed motivation for pediatric PET/MRI compared to PET/CT is the marked reduction in diagnostic radiation exposure (by 50 -73 % [7, 8]) that is achieved by replacing CT with MRI. Typical dose exposure by FDG-PET in pediatric PET/MRI as reported in first clinical studies ranges from 4.8 ± 1.3 to 5.6 ± 1.5 mSv; the corresponding CT dose of PET/CT amounted to values ranging from 4.4 ± 1.7 to 18.2 ± 10 mSv [7, 8] . Recent studies suggest that radiation exposure in childhood, especially by CT, bears the risk of negative long-term effects including secondary malignancies [40, 41] . In contrast to adult oncologic patients, pediatric patients often have an excellent long-term prognosis [42] and receive numerous follow-up examinations with significant cumulative radiation exposure [43] . In this context, the use of PET/ MRI enables a significant reduction of cumulative doses. Combined PET/MRI will also enable a reduction of PET tracer doses by prolonging PET acquisition times. This is possible without increasing total acquisition time, as MRI acquisition is usually more time-consuming and PET acquisition can be performed simultaneously [44] . However, specific limitations of PET/MRI exist that must be mentioned. For instance, detection of pulmonary lesions is still lim-ited in MRI compared to CT. Although MRI seems to be sufficient for pulmonary staging on a patient basis [45] , small lung lesions can be missed in MRI [46] . It is thus recommended to perform an additional lung CT in patients with clinically relevant risk for pulmonary spread, e. g., in the initial staging of sarcoma. In addition, PET/MRI cannot be performed in patients with contraindications for MRI. In these patients, PET/CT using dose-optimized protocols is an excellent alternative. Finally, MR image quality is more dependent on patient compliance compared to CT. This may result in reduced image quality in PET/MRI in single patients. However, our experience in pediatric whole-body MRI and PET/MRI shows that older pediatric patients usually collaborate well. For children younger than 6 -8 years, sedation is usually necessary for PET/CT and PET/MRI.
PET/MRI as a research tool in pediatric radiology and oncology !
The availability of simultaneous PET/MRI scanners is very limited today. Existing scanners are often used in the context of clinical studies. Typically, PET/MRI studies are performed in order to assess the diagnostic value of PET/MRI compared to other modalities for specific patient populations and clinical questions. Often, PET/ MRI is directly compared to PET/CT in these studies [7, 8, 10, 21, 38, 45, 47] . Performing studies of this kind in children is highly challenging. High ethical and organizational demands must be considered, and patient compliance may interfere with data acquisition. Despite these difficulties, prospective clinical studies are of importance in order to identify patients that benefit most from combined PET/MRI. • " Fig. 1B shows a typical research protocol for a comparative study of PET/CT and PET/MRI used in our institution [16] . Equally important, PET/MRI is a potentially powerful tool for functional and molecular imaging and for characterization of tissues. More than any other available imaging modality, it can be used to assess changes in tumorous tissues during therapeutic interventions. In the near future, PET/MRI will likely be used in the context of therapeutic clinical studies for the purpose of monitoring therapy effects and thus will help advance pediatric oncology.
Conclusion
!
Combined simultaneous PET/MRI is a promising modality for diagnosis, staging, and therapy monitoring in pediatric oncology. It offers several advantages over PET/CT and should thus be preferentially considered for pediatric patients where available. For specific indications, PET/MRI can add significant complementary diagnostic information to MRI-only. When performing PET/MRI, organizational challenges should be considered. Limitations of the technique, especially concerning attenuation correction and lung imaging, must be taken into account. Beyond clinical applications, PET/MRI is a potentially powerful research tool that may help advance pediatric oncology in the future.
